Construction of a mammalian artificial chromosome (MAC) will develop our understanding of the requirements for normal chromosome maintenance, replication and segregation while offering the capacity for introducing genes into cells. Construction of MACs with telomere, centromere and replication function has been approached by two methods. The 'top down' strategy uses artificially induced chromosome truncations as a means to define a minimal chromosome that retains the mitotic properties of a normal chromosome. The 'build up' approach has focused on attempts to assemble MAC vectors containing functionally defined telomere repeats together with candidate centromere and replication origin sequences. Here we report on significant advances in both areas, with particular emphasis on two reports showing that stable, low copy number MACs containing a functional centromere can be produced following transfection of naked DNA into the human HT1080 cell line. One approach used a transfection mixture of cloned synthetic α-satellite arrays up to 1 Mb in length and unlinked telomeric DNA, in either the presence or absence of random human genomic DNA fragments. In the second approach, MACs were formed from a defined yeast artificial chromosome (YAC) DNA molecule containing 100 kb of highly homogeneous alphoid DNA retrofitted with human telomere repeats. These results demonstrate for the first time that α-satellite DNA can seed de novo centromeres in human cells, indicating that this repetitive sequence family plays an important role in centromere function. The stability of these MACs suggests that they have potential to be developed as gene delivery vectors.
INTRODUCTION
The natural mammalian chromosome is a linear nucleoprotein structure with terminal telomeres to ensure replication and protection of chromosome ends, a centromere for segregation during mitosis and meiosis and replication origins distributed throughout its length to facilitate duplication of the genetic material during S phase. The accuracy of function of these essential elements is monitored by an elaborate system of checkpoints. Maintenance of chromosome stability is critical for organism viability, since aneuploidy due to mis-segregation can cause miscarriage and Down syndrome (1) , and chromosomal rearrangements are associated with a multitude of cancers and inherited diseases. A better understanding of mammalian chromosome structure and function should provide insight into the causes of such abberant chromosome behaviour. Construction of an artificial molecule approximating to normal chromosome behaviour in a mammalian cell is an important first step which, until recently, has eluded us. A mammalian artificial chromosome (MAC) could be used for transferring genes into cells which could be beneficial for gene therapy and in the production of transgenic animals. Genes introduced on a MAC vector would not be subject to chromosomal position effects, and potential insertional mutagenesis problems would be avoided.
The first linear artificial eukaryotic chromosomes were constructed in Saccharomyces cerevisiae from cloned telomere repeats, replication origin sequences and a 125 bp centromere that previously had been functionally defined on plasmids (2) . Yeast artificial chromosomes (YACs) have a cloning capacity of up to several megabases (3) and have been used as important mapping tools and vectors for introducing genomic DNA containing genes and flanking regulatory regions into cells and animals (4, 5) .
Construction of a MAC using a 'build up' approach similar to that used for YACs has been problematic since out of the three elements considered necessary only telomeres have been structurally defined. Mammalian telomeric DNA consists of a repeat of the hexamer TTAGGG that is replicated by telomerase, a specialized reverse transcriptase (6) . Cloned telomere repeats have been introduced into mammalian cells and can seed the formation of a new telomere by healing a broken chromosome end in a process referred to as telomere-associated chromosome fragmentation (TACF) (7, 8) . Chromosome origin sequences occur on average every 100 kb, but most human DNA sequences of at least 20 kb in length can support DNA replication when reintroduced into cultured cells on episomal vectors (9) . No consensus origin sequence (analagous to the yeast autonomously replicating sequence) has been identified, leading to a view that origin potential may be specified at least in part by epigenetic mechanisms, possibly involving methylation of CpG dinucleotides (10) .
The mammalian centromere forms a visible primary constriction and contains highly repetitive (satellite) DNA that forms a condensed chromatin structure called heterochromatin. The repeat common to all human centromeres is α-satellite (alphoid) DNA which comprises 171 bp monomers organized into chromosome-specific higher order repeats (11) . The amount of *To whom correspondence should be addressed. Tel: +44 131 332 2471; Fax: +44 131 343 2620; Email: brenda@hgu.mrc.ac.uk alphoid DNA per centromere ranges from 500 kb to 5 Mb (12) . A subset of alphoid DNA sequences contact the spindle microtubules at a region called the kinetochore, a DNA-protein complex visible as a trilaminar structure by electron microscopy (13) . A number of proteins with distinct localization at the kinetochore have been identified. CENP-A, a histone H3 variant which may be responsible for producing a unique chromatin structure at centromeres (14) , and CENP-C, a DNA-binding protein, are both located at the inner kinetochore plate (15) (16) (17) . CENP-B binds to a 17 bp motif (CENP-B box) found frequently in alphoid DNA (18) and is located within the underlying centric heterochromatin (19) , whilst CENP-E is a kinesin-like motor protein found at the outer plate (20) (21) (22) .
This review will focus on the recent demonstration that stable artificial chromosomes can be generated in human cells from cloned α-satellite and telomeric DNA. Additionally, we consider how existing chromosomes can be engineered as an alternative route to MAC construction. Finally, potential applications of this new artificial chromosome technology and the recent development of Epstein-Barr-based episomal vectors for gene delivery will be discussed.
WHAT IS A CENTROMERE?
Definition of a DNA sequence determinant of mammalian centromere formation has been hindered by the observed lack of sequence conservation amongst repeated sequence families at vertebrate centromeres. This suggests alternative hypotheses to explain the role of centromeric DNA in centromere function. The extremes are first that a small but elusive DNA sequence is sufficient for nucleating centromere assembly, although no evidence has been found for its existence, or second that the centromere is determined epigenetically in a sequenceindependent way.
As discussed below, the available evidence suggests that centromere specification is partly sequence dependent and partly epigenetic.
There is strong evidence implicating α-satellite DNA in centromere function. It is present at all human centromeres and co-localizes with the site of centromere antigen assembly (23) . Truncated chromosomes generated by telomere fragmentation strategies have shown that the human X and Y chromosomes can be reduced in size to 8 and 4 Mb respectively, without loss of mitotic chromosome properties (7, 8) . In each case, most of the chromosome arm material was deleted and α-satellite DNA retained. Taken together with results from extensive analyses of naturally occurring rearranged or artificially truncated Y chromosomes where at least 140-300 kb of α-satellite DNA remain (24, 25) , these data strongly suggest that α-satellite DNA is important for centromere function.
Stable dicentric human chromosomes formed as a result of fusion of two chromosomes retain α-satellite DNA. Only one of the alphoid blocks has centromere activity while the other alphoid array becomes inactivated except in cases where proximity of two centromeres may be permissive for centromere function. This pattern of activity is reflected in centromere antigen staining where the kinetochore proteins CENP-C and CENP-E are bound only at active centromeres (26, 27) . While the retention of α-satellite DNA at the active centromere in dicentric chromosomes suggests that it is a functionally significant component of the centromere, its presence at the inactive centromere or at ectopic chromosomal sites shows that it does not necessarily confer centromere function (28) (29) (30) . Furthermore, examples of rare variant human chromosomes that apparently lack α-satellite DNA yet retain significant mitotic stability and have a functional centromere suggest that alphoid DNA is not required for kinetochore formation (31) . In one detailed study, du Sart et al. mapped the de novo centromere (neo-centromere) on a derivative chromosome 10 to a region spanning ∼80 kb at 10q25.2 using co-localization of CENP-A and CENP-C antibodies and probes derived from a contig map of this region, and found no α-satellite sequences or other highly repeated elements (32) . Centromere identity may therefore not depend solely on DNA sequence but also on epigenetic imprinting, a process poorly understood but which could involve DNA modifications such as methylation (33) . Similar examples of neo-centromere activity have been reported in Drosophila (34) and epigenetic influences on centromere behaviour have been described in Schizosaccharomyces pombe (35) (36) (37) .
Thus, while α-satellite DNA is not an absolute requirement for centromere function, it is likely that there is sequence preference influencing centromere formation, and that in human cells the most competent template is α-satellite DNA. It could be that the repetitive nature of satellite DNA is important at mammalian centromeres by, for example, producing a higher order structure that provides a template for kinetochore formation.
DE NOVO MAMMALIAN ARTIFICIAL CHROMOSOMES
Construction of candidate artificial chromosome vectors has been hampered not only by a poor understanding of the requirements for centromere function but also by the difficulty of cloning centromere repeat arrays. Using two independent approaches to overcome these problems, cloning of α-satellite DNA with the capacity to form de novo centromeres in cultured cells has recently been achieved.
Harrington et al. started with a sequenced higher order repeating unit cloned from either chromosome 17 or the Y chromosome (38) . Using a directional cloning strategy, tandem arrays of each repeat up to 170 kb in size were introduced into a bacterial artificial chromosome (BAC) containing a mammalian cell selectable marker gene. The alphoid arrays were shown to be stable over many generations in bacteria in the single copy BAC vector (Fig. 1) . Further rounds of ligation produced unidirectional alphoid arrays up to 1 Mb in length that were transfected together with unlinked telomere repeats into HT1080 cells using lipofection in either the presence or absence of unlinked, uncharacterized human genomic DNA (Fig. 1) . Using fluorescence in situ hybridization (FISH), it was shown that transfection mixtures including genomic DNA resulted in 9/26 cell lines containing a MAC (BAC-MAC). Extensive FISH analysis of three of these cell lines using human DNA probes revealed that in two cases, artificial chromosome formation involved acquisition of host alphoid DNA. In the third case, an artificial chromosome derived from transfected chromosome 17 α-satellite DNA formed by a de novo mechanism that did not involve detectable acquisition of host DNA. However, the inclusion of genomic DNA in the transformation protocol makes it difficult to rule out involvement of other undefined sequences in centromere establishment. A lower frequency of MAC formation (1/13 cell lines) was observed when genomic DNA was excluded. In this case, a de novo centromere was seeded on an acentric fragment derived Figure 1 . Schematic representation of approaches used to make a MAC in the human HT1080 cell line. BAC-MAC: a higher order repeating unit from either human chromosome 17 or Y α-satellite was ligated in a directional manner to form arrays of up to 170 kb that were cloned into a bacterial artificial chromosome vector (BAC) containing a selectable marker gene, B-geo (G418 resistance gene). Further rounds of ligation produced unidirectional alphoid arrays up to 1 Mb in size. These alphoid arrays were then co-transfected with unlinked, cloned telomere repeats in the presence or absence of NotI-digested human genomic DNA into HT1080 cells using lipofection. YAC-MAC: ∼100 kb of α21-I alphoid DNA from chromosome 21 was cloned into a YAC. The conventional YAC arms were replaced with constructs containing human telomere repeats (htel) and a selectable marker gene, BS (blasticidin S resistance gene), using homologous recombination yeast. Following PFGE, YAC DNA was gel purified and introduced into HT1080 cells by either lipofection or nuclear microinjection. from a host chromosome. In three out of the four cell lines characterized in detail, a single MAC was detected in 70-100% of metaphase spreads, while in the fourth cell line, a MAC was present in 29% of metaphases.
In the YAC-MAC approach, Ikeno et al. isolated two YACs of ∼100 kb in length representing the distinct chromosome 21 alphoid arrays, α21-I and α21-II from a YAC library constructed in a recombination-deficient host (39) . The α21-I locus contains a uniform array of an 11mer higher order repeat that has frequent CENP-B motifs, whereas the α21-II array contains diverged alphoid monomers, with no higher order repeat structure and few CENP-B boxes (40) . To test the centromere-forming capacity of each array, the centromere 21-derived YACs subsequently were retrofitted with replacement vectors that included a selectable marker and mammalian telomere repeats in the presence of an unstable plasmid carrying a wild-type RAD52 gene that provided transient recombination proficiency (Fig. 1) . Following pulsed- Figure 2 . FISH analysis of a metaphase spread from an HT1080 cell containing an artificial minichromosome (arrowhead) formed after transfection with the α21-I YAC. Chromosomes were probed simultaneously with a YAC vector probe (green) and an α21-I alphoid probe (red) then counterstained with DAPI (blue). The α21-I probe hybridized with the minichromosome and also to host chromosomes 21 and 13. Overlapping red and green fluorescence on the minichromosome produces a yellow colour. A merged image is shown and the insert shows chromosomes stained with DAPI only.
field gel electrophoresis (PFGE), each YAC was gel purified and transferred to HT1080 cells by either lipofection or microinjection, and transformants carrying the resistance marker gene were analysed by FISH (Fig. 1) . Most cell lines (21/24 cell lines) transformed with the α21-I YAC contained a minichromosome signal (most frequently one per cell) in a proportion of cells, and similar chromosome formation rates were obtained using either transfection method (Fig. 2) . Minichromosome frequencies were between 10 and 68% of total metaphase signals amongst the MAC-containing cell lines, and about one-third of transformants contained a MAC in at least 50% of metaphase spreads. However, within a subpopulation of cells in a given transformant, an alternative fate of the α21-I YAC was integration. In contrast, the α21-II YAC never formed a MAC and always integrated into a host chromosome.
The YAC-MACs formed without detectable acquisition of host centromere DNA in seven cell lines transformed with the α21-I YAC. In three cell lines, this analysis was extended to rule out acquisition of other host genomic DNA sequences, suggesting that they contain MACs formed by a de novo mechanism. Southern analysis suggested that the YAC-MACs were formed by a simple concatamerization of the input DNA, indicating that these interrupted α-satellite arrays can form functional kinetochores.
In both studies, formation of active kinetochores on the MACs was demonstrated by their mitotic stability in the absence of selection and the presence of CENP-C and CENP-E proteins associated with functional centromeres. The segregation efficiency per cell division of the YAC-MACs was lower in some cell lines compared with the BAC-MACs. One explanation for this difference could be that inclusion of genomic DNA in the BAC-MACs provides more efficient replication origin function. The BAC-MACs were shown to be linear as they produced terminal telomere signals using FISH and resolved on pulsedfield gels at sizes of 6-10 Mb. Although the YAC-MACs did hybridize with a telomere repeat probe using FISH, the chromosomes were too small to allow terminal signals to be determined unequivocally. The linear or circular nature of the YAC-MACs remains unproven as they failed to resolve using PFGE, even using γ-irradiation prior to electrophoresis which would produce a double-stranded break in a circular molecule allowing migration into the gel. An explanation is that the observed cytological variation in MAC size within a clone may have caused spreading of the signals, making detection difficult. The YAC-MAC size estimates of 1-5 Mb were derived from cytological data. The size increase relative to the input molecules could be explained if there is a minimum size which a chromosome can be to generate sufficient forces on the mitotic spindle. Alternatively, if chromosome arms are required for chromosome formation, it may be necessary to have DNA present on a MAC that is not forming part of the kinetochore.
The results from the YAC-MAC experiments show that not all alphoid repeats are capable of de novo centromere formation. The α21-I YAC has a homogeneous repeat array and frequent CENP-B boxes, whereas the α21-II YAC has diverged alphoid repeats and no detectable CENP-B boxes. Either of these differences, repeat regularity or availability of CENP-B boxes, could be important, as could other factors such as differences in origin of replication content. The role of CENP-B motifs at centromeres is not proven as they are undetectable on some chromosomes. Human and mouse Y centromeres lack CENP-B boxes (41, 42) and they are very under-represented in African green monkey satellite (43, 44) . In this respect, it may be relevant that de novo centromeres (i.e. without host alphoid DNA acquisition) were not formed from the synthetic Y alphoid arrays that do not contain CENP-B boxes, but more cell lines have to be analysed to determine if this is significant. Sequence similarity to transposases has led to the hypothesis that the role of CENP-B may be to promote recombination within satellite arrays which could be important for evolution and maintenance of array structure (45) . Future experiments using alphoid repeats with mutated CENP-B boxes should help clarify the role of these motifs in de novo centromere formation.
The important conclusion from these two studies is that de novo centromere activity on artificial chromosomes can result from either synthetic α-satellite arrays in the presence of genomic DNA and telomere repeats or from a defined YAC DNA molecule containing α-satellite DNA and human telomere repeats. This strongly suggests that alphoid DNA alone can form centromeres, arguing against the small sequence determinant hypothesis although there must be an epigenetic component to explain the existence of neo-centromeres.
CHROMOSOME MANIPULATION AS A ROUTE TO MAC CONSTRUCTION
An alternative 'top down' approach to producing a MAC vector is to reduce an existing chromosome to a minimal size using TACF while retaining replication and segregation function. The artificially truncated human X and Y chromosomes (7, 8) could be used as starting material, and introduction of further truncations or genes could take place in the chicken DT40 cell line where, unlike mammalian cells, homologous recombination has been shown to be very efficient (46) . The 8 Mb human X chromosome has been successfully truncated further in DT40 cells using homologous recombination to produce a stable 2.5 Mb chromosome (C. Farr, personal communication).
The potential of the 'top down' approach for the production of transgenic mice carrying a MAC has been tested. Shen et al. introduced a minimal human Y chromosome reduced to 4 Mb in size by TACF into mouse embryonic stem (ES) cells by microcell fusion (47) . However, this chromosome was found to be generally unstable in the ES cell background, suggesting that these chromosomes may be sensitive to the cellular environment. In one case, the Y chromosome was stable but it had acquired host centromeric DNA. It is possible, given the results described below, that ES cells containing the stable Y chromosome could be used to make transgenic mice carrying an extra chromosome.
Tomizuka et al. introduced human chromosomes from humanmouse hybrid cells into ES cells by microcell fusion and obtained very unexpected results (48) . Hybrid ES cell lines were identified that contained an intact human chromosome 22, a rearranged chromosome 14 or a chromosome 2 fragment that segregated in a stable manner. The human extrachromosomal elements persisted in chimeric animals generated from these cell lines, and one transgenic line exhibited germline transmission of a human chromosome 2 fragment. Although the authors did not determine if the meiotically stable human extrachromosomal fragment had acquired host centromeric DNA that could have provided stability, they did demonstrate tissue-specific expression of human genes including immunoglobulin genes. These findings show that human chromosomes can be used to introduce genes into mice that subsequently are appropriately expressed. To minimize the danger of introducing additional, deleterious genes by such an approach, minimal chromosomes from which most of the euchromatic sequences have been deleted would be the vectors of choice.
Another system under investigation as a future basis for MAC vectors exploits the spontaneous, stable de novo chromosomes formed in cultured cells (49) . These chromosomes formed after integration of exogenous DNA into a mouse centromere region that subsequently underwent amplification. The de novo chromosomes were derived from the amplified region and contained mouse centromeric DNA.
FUTURE DIRECTIONS AND POTENTIAL APPLICA-TIONS
The high stability of the α-satellite-based de novo artificial chromosomes indicates that they have the potential to be developed for introducing genes into cells. However, there remain features which are poorly understood and at present cannot be controlled, such as a low residual frequency of YAC integration in cell lines with a high YAC-MAC content, or the potential to acquire host DNA during MAC formation using the BAC approach. Furthermore, MAC structures produced by the cell are greater in size than the input DNA, and it is still not known if these chromosomes can be assembled as effectively in other hosts, including primary cell lines. In the case of transgenic mouse applications, should α-satellite constructs prove to be inefficient, it may be necessary to assemble a vector based on the murine counterpart centromeric satellite sequence, minor satellite DNA (50, 51) .
The availability of structurally defined vectors with predictable expression patterns would be of great value in the treatment of common genetic diseases such as cystic fibrosis or haemophilia and in other biomedical/biotechnological applications. Problems of inefficient gene delivery encountered with current liposomeor viral-based methods remain to be overcome. The use of small cDNA constructs dictated by the limited cloning capacity of viral vectors or plasmids may explain the failure to produce stable long-term expression of the transgene in many cases. EpsteinBarr virus (EBV)-based episomal vectors constitute a possible alternative, offering a large cloning capacity without the risk of insertional mutagenesis or position effects associated with integration. EBV vectors require only a comparatively short replication origin (oriP) and transactivator protein, EBNA-1. Extrachromosomal maintenance of EBV-based vectors with inserts up to 660 kb in size has been demonstrated (9, (52) (53) (54) .
A fully functioning MAC would be the ideal vector for introducing genomic copies of genes and associated control elements into cells or animals. Genes could be incorporated into the alphoid YACs using YAC linking vectors (55) or by in vitro ligation in the BAC system. Cre recombinase could be used to join large DNA molecules together in vitro which would exceed the normal cloning capacity of bacterial-based artificial chromosome vectors (56) . Transgene silencing, if any (57), due to the proximity of centromere repeats could be alleviated by distancing the transgene from the alphoid array. The reduced stability observed in a subset of the YAC-MACs may be an advantage in situations where long-term expression of a transgene is not required.
The current artificial chromosome technology provides a starting point from which the parameters governing chromosome formation can be explored. It is possible that other alphoid repeats may produce de novo MACs more efficiently than the present constructs or that inclusion of linked non-alphoid DNA may circumvent the host response to increase the size of the input DNA. Once the mechanisms of chromosome formation are better understood, there is every chance that this technology will be of significant benefit for both biomedical and biotechnological applications.
